Abstract Two hyperbranched polyglycerols bearing 1,1,1-tris(hydroxymethyl)propane or Bisphenol A core and terminal hydroxyl functionality were examined as components of novel wood adhesive systems. Two 1,3-dimethylol-4,5-dihydroxyethyleneurea resins (DMDHEU) were used as crosslinkers. Shear strength tests revealed that the adhesives containing up to 75 wt% of renewable glycerolderived polyglycerols retained performance comparable to that of neat DMDHEU. The results give way to extending the area of application of hyperbranched polyglycerols in the field of wood adhesives.
Introduction
One of the twelve principles of green chemistry states that ''synthetic methods should be designed to use and generate substances that possess little or no toxicity to human health and the environment'' (Anastas and Warner 1998) . Simultaneously, in 2004 the International Agency for Research on Cancer (IARC 2004) classified formaldehyde as ''cancerogenic to humans'' which stimulated research in three main directions: (1) formaldehyde-free adhesives (Mansouri et al. 2007 , Ballerini et al. 2005 Liu and Li 2007) , (2) adhesive systems of low formaldehyde content (US Patent 2011) or (3) formaldehyde replacing by other aldehydes (Mamiński et al. 2011a; Mansouri and Pizzi 2006; Wang and Pizzi 1997) .
On the other hand, fluctuation of oil prices and environmental policies have been stimulating factors for the development of technologies based on renewable resources for a long time, so that the significance of carbohydrates, oils, lignins, tannins or proteins has increased (García and Pizzi 1998; Li et al. 2004; Ç etin and Ö zman 2002) .
Growing biodiesel production and saponification of fats and oils generate substantial surplus of crude glycerol (1,2,3-trihydroxypropane) (Bournay et al. 2005; Ramadhas et al. 2005; Behr et al. 2008) . In 2009 the supply of glycerol reached 900 thousand tons (Melero et al. 2012) , while 1.2 million tons is estimated in 2012 (Zhou et al. 2008) . Thus, it is apparent that such supply of raw material cannot be neglected therefore new utilization areas for glycerol are being researched.
Commonly recognized fields of glycerol consumption are pharmaceuticals, cosmetics or alkyd resins. On the other hand, there are some more sophisticated transformations of glycerol to valuable raw materials: bioconversion to citric acid (Papanikolau et al. 2002) , dimethyl carbonate (Kim et al. 2007) , catalytic conversion to hydrogen fuel (Sánchez et al. 2010) or propanediol (Alhanash et al. 2008) . Rokicki et al. (2005) reported a convenient transformation of glycerol to cyclic glycerol carbonate and further to hyperbranched polyglycerols. Previous works by the authors showed the applicability of hyperbranched polyglycerols in the formulation of polyurethane (Mamiński et al. 2011b) or polyglycerol-melamine-formaldehyde (Mamiński et al. 2011c ) adhesive systems.
In the literature, there are numerous reports on 1,3-dimethylol-4,5-dihydroxyethyleneurea (DMDHEU) which seem useful in wood bonding technology. However, original use of DMDHEU is textile industry. Although, it was successfully transferred to wood technology, so that there are reports on wood or veneer modifications (Militz 1993; Sudiyanni et al. 1996; Krause et al. 2003; Wepner et al. 2006; Schaffert et al. 2005; Dieste et al. 2009) , no reports on DMDHEU-based adhesive systems are available.
Since DMDHEU has four hydroxyl groups: two N-methylol and two secondary hydroxyls that are able to react with the hydroxyl groups of another compound (Yang et al. 2009; Ibrahim et al. 2008) , it was assumed that DMDHEU-crosslinked polyglycerols would possibly work as adhesives for wood bonding.
Therefore, this paper contains the results of investigations on the performance of novel adhesive systems based on dimethyloldihydroxyethyleneurea (DMDHEU) and hyperbranched polyglycerols (HBPGs). The effect of hyperbranched polyglycerol structure on dry and wet shear strengths of lap joints made in solid wood is described.
Materials and methods
All chemicals were purchased from Sigma-Aldrich and used as obtained. An unmodified DMDHEU resin (unD-MDHEU) (pH 6.0; solids 83 %; viscosity 550 mPas) was kindly donated by Omnova Solutions Inc. (UK). A modified 1,3-dimethylol-4,5-dihydroxyethyleneurea (mDMD-HEU) resin (pH 4.3; solids 34 %; viscosity 27 mPas) was kindly donated by BASF Chemicals (Germany).
Viscosities were measured at 20°C on a Brookfield DV II ? Pro viscometer equipped with a spindle no. 64. FTIR spectra were recorded on Bio-Rad FTS165 instrument. Each spectrum was taken as an average of 32 scans at a resolution of 4 cm -1 . Size Exclusion Chromatography (SEC) measurements were made on GPC LabAlliance apparatus with a Jordi Gel DVB Mixed Bed (250 mm 9 10 mm) column using water eluent (1) or DMF (2) as an eluent at 35°C and poly(ethylene oxide) or polystyrene for the calibration.
1 H NMR spectra were recorded on a Varian VXR 400 MHz NMR spectrometer.
MALDI-TOF spectroscopy The postulated structures of 1 and 2 were confirmed by MALDI-TOF experiments (Figs. 1, 2) . MALDI-TOF spectra were measured on a Bruker UltraFlex (Bremen, Germany) spectrometer using DHB (2,5-dihydroxybenzoic acid) or Dithranol (1,8-dihydroxyanthrone) as a matrix.
Hyperbranched polyglycerol synthesis
Hyperbranched polyglycerol 1 was synthesized from (1,1,1-trishydroxymethylpropane) as the core of molecule and glycerol carbonate (GC) as branching monomer. In a 0.5 L 3-neck flask equipped with a magnetic stirrer, thermometer, dropping funnel and a bubble meter TMP (22.8 g, 0.17 mol) was placed followed by 0.28 g (2 mmol) of potassium carbonate. The reaction mixture was heated at 160°C. Glycerol carbonate (200 g, 1.69 mol) was added drop wise during 17 h at 160°C. Then the reaction mixture was heated for additional 8 h until a characteristic cyclic carbonate band at 1786 cm -1 disappeared completely in the FTIR spectrum. The crude product was obtained as a viscous dark yellow liquid. It was dissolved in 500 mL of water and potassium carbonate was neutralized with HCl. Water was removed under reduced pressure. The polymer was dried at 100°C (0.05 Tor) for 6 h. Dark yellow oil of viscosity 9.5 Pa Á s at 20°C was obtained. Yield was 141.3 g (95 %). Hydroxyl functionality was 13 based on Hyperbranched polyglycerol 2 was synthesized from bisphenol A as the core molecule and glycerol carbonate (GC) used in 1:5 molar ratio. In a 3-neck reactor equipped with magnetic stirrer, condenser and dripping funnel, 5.70 g (25 mmol) bisphenol A and 0.042 g (0.75 mmol) potassium hydroxide were molten at 170°C and then 14.76 g (125 mmol) glycerol carbonate was added drop wise for 20 h. The reaction was performed until depletion of glycerol carbonate. FT-IR (KBr); cm -1 = 3,368, 2,879, 1,042, 830, 574. SEC: M n = 450, M w = 714, D = 1.56. 1 H NMR spectrum is shown in Fig. 3 .
Adhesive formulation and gel time
A portion of DMDHEU resin (mDMDHEU or unDMDHEU) and polyglycerol 1 or 2 were weighted on an aluminium pan, so that a preset weight ratio based on solids was achieved. Then the components were mixed thoroughly and the catalyst (p-toluenesulfonic acid or magnesium chloride) was added (5 wt% based on solids). After complete dissolving of the catalyst, the adhesive was applied onto the beech specimens (120 g/m 2 , 700 ± 45 kg/m 3 , 5.3 % moisture content) prepared according to EN 205 (2005) .
Gel time of the adhesive systems was determined according to the following procedure: approximately 1.0 g portion of the mixture was placed on an aluminium pan (70 mm diameter) and heated at 170°C until gellation.
Lap joints bonding
Bonding was performed in a hot press (170°C) under pressure of 1.2 MPa for 8 min. The bonded samples were conditioned at 20 ± 2°C and 65 ± 5 % relative humidity for 7 days. Pressing time and platen temperature were not subject of optimization in these investigations.
Shear strength of the joints
Test samples (150 9 20 9 5 mm 3 ) of the lap area ca. 200 mm 2 were subjected to shear strength tests. The reference samples were bonded with neat mDMDHEU or unDMDHEU resin cured with p-TSA or MgCl 2 under alike bonding conditions. Wet shear strength tests were performed on the specimens subjected to 24 h water soaking. Twenty samples were tested in each series.
Activation energy
Determination of activation energy for the DMDHEUpolyglycerol systems was derived from gel time measured at 150, 170 and 190°C. Calculations were based on Arrhenius Eq. (1) as follows: where k is reaction rate constant, A is prexpotential factor, E a is the activation energy, R is gas constant (8.314 JÁmol -1 K), T is temperature.
3 Results and discussion
Polyglycerol structure
On the contrary to dendrimers that require multi-step approach involving tedious purification after each step, hyperbranched polyglycerols are synthesised in 'one-pot' synthesis which results in their substantial polydispersity (Galina and Krawczyk 2007; Fradét and Tessier 2006) . For better description of molecular structures of the studied polyglycerols, their polydispersity as well as incorporation of the core molecule into the structure were investigated by means of MALDI-TOF spectrometry. The spectrum shown in Fig. 1 revealed, apart from the properly developed HBPG 1 molecules with TMP core, both no-core and cyclic structures. Since glycidol is a repeating unit, the m/z distance between peaks in the sequence is 74. The assignments of the corresponding peaks are shown in Table 1 . Peaks S1 and S2 come from molecules bearing 1 TMP core and n repeating glycidol units. Peaks S3 and S4 indicate molecules containing 1 glycerol core and n glycidol units. Cyclic structures built solely of glycidol units were also found (peaks S5 and S6). Peaks S7 and S8 were assigned to the structures formed upon the analysis by attachment of glycidol units to DHB, while S9 peak was assigned to cyclic structure containing 1 TMP core and n glycidol units. However, the dominating molecular structure was that assigned to S1 peak at m/z 836.9 and 910.9 Da-i.e. 1 TMP and 9 or 10 glycidol units, respectively.
MALDI-TOF spectra for polyglycerol 2 shown in Fig. 2 indicate the presence of molecules of the designed structure-1 bisphenol A core and n glycidol units (peaks S1 and S2). What is more interesting, both molecules bearing bisphenol A dimer (S3 and S4) or glycerol carbonate (S5 and S6) or glycerol (S7 and S8) in the core were also found, but, unlike polyglycerol 1, no cyclic structures were indicated ( Table 2 ). The dominating structures were those having 1 bisphenol A core and 5 or 6 glycidol units (S1 at m/z 638.0 and 712.0 Da in Fig. 2) . NMR spectrum of polyglycerol 2 shown in Fig. 3 proved that branched structures had been built from both hydroxyls of bisphenol A. No phenolic OH protons at 9.16 ppm can be observed. Moreover, found chemical shifts of the aromatic protons were 7.07 and 6.81 instead of typical 6.98 and 6.64 ppm (SDBSWeb) confirming the presence of disubstituted bisphenol A core.
Performance of the adhesives
Characteristics of the adhesive formulations used in the bonding experiments are shown in Table 3 . Reactivity of unDMDHEU resin was lower than that of mDMDHEU, so that a temperature of 170°C was necessary for achieving gel point in a reasonable amount of time-i.e. 120-480 s, while mDMDHEU-series were curable at 100°C. At 100°C no gellation for unDMDHEU resin occurred, therefore temperature was increased to 170°C. In that case, magnesium chloride was found more effective as a catalyst. Regardless of the polyglycerol used, the mixtures with mDMDHEU resin and p-TSA exhibited significantly shorter gel times. However, for the mDMDHEU-polyglycerol 1:3, w/w systems at 100°C no gellation was achieved. Thus, bonding was performed at 170°C which, as reported in literature, is a typical curing temperature for DMDHEU resins (Dieste et al. 2009 , Yang et al. 2009 ).
High viscosity of neat polyglycerol 2 resulted in significant increase in the viscosities of the studied mixtures that exceeded 500 Pa Á s at 3:1 w/w components' ratio. Pot lives of all the formulations were longer than 12 h which is Wood Prod. (2013) 71:267-275 271 appropriate for industrial conditions and easy to achieve due to low reactivity of the system at ambient conditions. Activation energies calculated for the neat DMDHEU resins and 2:1-formulations showed that in each case addition of polyglycerol resulted in an increased E a of the system (Table 3) .
Shear strength of the joints
The results of shear strength tests for the systems containing polyglycerol 1 are shown in Figs. 4 and 5. The presented data indicate that dry shear strengths for the mDMDHEU-1 were comparable to that for neat mDMD-HEU (8.0 ± 0.13 MPa). Up to 1:2 ratio the differences were insignificant, while for 1:3 ratio a significant decrease in strength (7.2 ± 0.67 MPa) was observed. For the unD-MDHEU-1 system the obtained strengths were statistically insignificant and remained at neat unDMDHEU reference level (7.3 ± 0.30 MPa). However, 0 % wood failure was observed for the 2:1-and 3:1-series containing polyglycerol 1. The bond lines of neat unDHDHEU exhibited 100 % wood failure. The formulations bearing polyglycerol 2 (Figs. 6, 7) exhibited somehow different performance. The strengths of the systems containing 1:1 components' ratio were comparable to those of the reference series. Increasing the content of polyglycerol resulted for both mDMDHEU and unDMDHEU systems in a reduction in shear strength that was proportional to the content of polyglycerol 2 and reached 5.9 ± 0.36 and 5.4 ± 0.24 MPa for mDMDHEU and unDMDHEU, respectively.
The phenomena are not surprising since polyglycerols may alter mechanical properties of the polymer. As reported by Parzuchowski et al. (2007) concentration of hyperbranched polyglycerol in the cured epoxy resin higher than 20 % resulted in a significant plasticization of the polymer. Similar phenomena were observed by Essawy et al. (2009) for UF resins and by Dodiuk et al. (2004) for polyurethanes. It is rationale that polyglycerols added at levels above 50 wt% plasticized the cured polymers, since glass transition temperatures of 1 and 2 are -35.48 and -29.14°C, respectively.
In contrary to polyglycerol 1, wood failure rates for 2:1-and 3:1-series containing polyglycerol 2 (Figs. 6 and 7) ranged between 45 and 80 %. However, it is worth noting that wood substrate strength was below 6.0 MPa (2-mDMDHEU 3:1 and 2-unDMDHEU 2:1, 3:1) which was lower than typically observed, as high wood failure rate was apparently caused by the variations in density or anatomic cross-section of the specimens subjected to testing.
Bondlines of neat DMDHEU resins exhibited moderate performance after 24 h water soaking: 5.29 and 4.90 MPa for mDMDHEU and unDMDHEU, respectively. In addition, no wood failure was observed for the wet series. Moreover, additions of polyglycerols resulted in reduction of bondline shear strengths. The nadir was observed for the mixtures of polyglycerol 2 with unDMDHEU where 100 % specimens delaminated during soaking.
The presented results confirmed the initial assumption that blending of synthetic resin with environmentally benign raw materials like hyperbranched polyglycerols was plausible and gave way to increase the rate of utilization of renewable resources (glycerol and its derivatives) in adhesive technology. It was shown that the bond lines containing 25 wt% of the synthetic petroleum-derived component (3:1 components' ratio) exhibited shear strength comparable to that of neat DMDHEU which proved retaining mechanical properties and load bearing capability in dry environment.
Comparison of the series containing fully aliphatic polyglycerol 1 with TMP core or polyglycerol 2 with aromatic core provided no evidence for the influence of core structure on the performance of the adhesive joints. The results remain in accordance with what was reported by Voit (2003) that not a core, but the end groups had a dominant effect on the properties of a hyperbranched polymer.
The presented results showed that DMDHEU-hyperbranched polyglycerols with terminal hydroxyl functionality systems are thermosets and it is proposed that the described systems might potentially be applicable in wood bonding, since joint strength made in solid wood exceeded that of the substrate.
Conclusion
The presented results clearly showed that development of thermosetting systems based on DMDHEU and Fig. 6 Shear strengths of the bondlines of polyglycerol 2-modified DMDHEU adhesive system Abb. 6 Scherfestigkeit der Klebfugen des Klebstoffsystems aus Polyglycerin 2 mit modifiziertem DMDHEU Fig. 7 Shear strengths of the bondlines of polyglycerol 2-unmodified DMDHEU adhesive system Abb. 7 Scherfestigkeit der Klebfugen des Klebstoffsystems aus Polyglycerin 2 mit nicht modifiziertem DMDHEU hyperbranched polyglycerols was possible and the resultant shear strengths of the bond lines were higher than those of wood. A general outcome of those studies is that substitution of DMDHEU with glycerol-derived polyglycerols was possible, which potentially gives way for extending the area of application of that class of polymers to the field of adhesives.
